+ /10 6 cells/min respectively; the third trimester values were higher (P Ͻ 0.05) than those in the first and transport in vascular tissues have been linked to essential hypertension. In the present study, we consider second trimester and were also higher than those of non-pregnant women (415 ± 20). Vmax of patients with whether Na + /H + exchange (NHE) is affected in non-proteinuric pre-eclampsia (NPP). Platelet NHE character-NPP in the third trimester (712 ± 44) was not different from gestational age-matched controls. Km values were istics and plasma cholesterol were measured in a crosssectional study of normal primigravidae at 14 ± 0.5 (n = not affected by gestational age or NPP. Plasma cholesterol concentration was positively correlated with Vmax 9), 29 ± 0.7 (n = 7), 39 ± 0.4 (n = 8) weeks gestation, in women with NPP (n = 15) and in non-pregnant women values during normotensive pregnancy (r = 0.493, P Ͻ 0.05). (n = 8). Amiloride-sensitive 22 Na uptake was measured in platelets which had been acid loaded, to stimulate
Introduction
pre-eclampsia (PPE). 6 Hepatic dysfunction, platelet During normal pregnancy, despite increased cardiac activation, coagulation changes and abnormal vasoutput, expanded plasma volume and elevated circular endothelial function may occur when the disculating levels of renin, angiotensin II and aldosease progresses to the more severe form. 7, 8 terone, 1 there is an initial fall in systemic blood The mechanisms underlying the vascular hyperpressure (BP) in the first trimester with a slow prosensitivity during pre-eclampsia are not clearly gressive rise to non-pregnant values towards term. 2 understood. However, reports of excessive Na + The initial fall in BP occurs at the same time as a retention, 9 which is not due to the renin-angiotensin reduction in vascular sensitivity to vasoconstrictors II system since this system is suppressed in presuch as angiotensin II. 3 Increased production of eclampsia, 10 as well as increased red cell membrane vasodilator prostaglandins from the endothelium of permeability to Na + , 11 suggest that abnormal cell the vessel wall 4 or, as recently suggested, reduced sodium homeostasis may be involved. circulating levels of inhibitors of the L-arginineIntracellular (Na + ) and pH, both of which may nitric oxide pathway, 5 may be responsible for the influence smooth muscle contractility, renal Na + decreased vascular tone. reabsorption and cell growth are, to some extent, Pre-eclampsia normally becomes apparent after regulated by Na + /H + exchange (NHE). Abnormalities the 24th week of pregnancy and is characterised by in the activity of this exchanger have been described increased vascular reactivity and relatively low in platelets 12 and leucocytes 13 from patients with plasma volume. Two grades of pre-eclampsia are essential hypertension and in insulin-dependent now recognised; an early phase without proteinuria diabetics with nephropathy. 14 reductions in platelet number and platelet lifespan, which have been interpreted as evidence of can readily permeate the plasma membrane. Intracellular dissociation of the acid results in cytoplasincreased platelet consumption, in women who go on to develop severe pre-eclampsia. 15 Furthermore, mic acidification and consequent activation of the antiport which exchanges extracellular Na + for cytoplatelet reactivity is reduced in PPE, 16, 17 possibly due to consumption of already activated platelets.
plasmic H + .
20
Citrated whole blood (1 ml of 3.9% sodium In milder forms of pre-eclampsia (NPP) reactivity 18 and mean platelet volume 19 are increased. Raised citrate/9 ml blood) was centrifuged at 600 g for 5 min at room temperature and the red cell layer displatelet volume may be due to increased turnover or may reflect increased NHE since platelet volume is carded. EGTA was added to the platelet-rich plasma (final concentration 10 mmol/l) and then centrifuged controlled, at least in part, by plasma membrane NHE activity. The transport of Na + into the cells durat 600 g for 10 min at room temperature. The supernatent was discarded and the platelet pellet washed ing exchanger activation is accompanied by an osmotic water shift resulting in cell swelling. 20 once (600 g, 10 min, room temperature) and resuspended in a small volume of potassium propionate The aim of this study was to characterise platelet NHE during normal pregnancy and in women with buffer (containing in mmol/l; 140 K + propionate, 1 mgCl 2 , 1 CaCl 2 , 1 KCl, 10 Glucose, 20 HEPES) pH NPP. Platelets were chosen because they are readily available, they respond to the same agents as those 6.7. Washing with potassium propionate causes intraplatelet acidification and removes extracellular which control smooth muscle function and they appear to play a crucial role in the pathophysiology Na Na. Volumes of NHE, 21, 22 membrane fluidity 23 and increases progressively through pregnancy. PPE subjects were sodium propionate were adjusted to achieve final extracellular Na + concentrations of 5, 8, 15, 40, 80 excluded from the study due to excessive platelet turnover and reduced platelet responsiveness and 120 mmol/l. Preliminary time course experiments with platelets indicated that 22 Na uptake observed in this condition.
remained linear over the initial 90 s of incubation ( Figure 1 ) and 85% of total uptake was inhibited by
Subjects and methods
0.1 mmol/l amiloride (Ki for amiloride inhibition of Na + uptake = 16 mol/l). For estimation of NHE kinClinical details etics, platelets were therefore incubated for 1 min at Platelet NHE was characterised in a cross-sectional 37°C with and without 0.1 mmol/l amiloride. In all study of primigravidae at 14 ± 0.5 (n = 9), 29 ± 0.7 incubations, 22 Na influx was measured in the pres-(n = 7), 39 ± 0.4 (n = 8) weeks in non-pregnant ence of the Na + /K + ATPase inhibitor, ouabain (0.5 women (n = 8) and 6 weeks postpartum (n = 3).
mmol/l). The reaction was stopped by harvesting Clinical details recorded for each woman included; with ice-cold choline chloride buffer (containing in age, booking BP, maximal BP, proteinuria, maternal mmol/l; 100 choline chloride, 15.4 NaCl, 45 Tris) platelet count and uric acid concentration, gespH 7.4 onto Whatman GFB glass fibre filters using a tational age at delivery and birth weight of neonate.
Titretek Cell Harvester.
22
Na was measured using a In each pregnancy the outcome was normal with ␤ liquid scintillation counter. birth weight Ͼ10th centile for gestation and gesThe Km (mmol/l) and Vmax (pmol/10 6 cells/min) tational age Ͼ37 weeks at delivery (except for one for amiloride sensitive Na + uptake were calculated preterm normal birth at 33 weeks, included in the second trimester group).
In addition, NHE was characterised in 15 primigravidae with NPP at gestational age of 37 ± 0.6 weeks. NPP was defined by agreed criteria, 6 which included normal BP at booking, and serial BP readings Ͼ140/90 mm Hg, with a rise in phase IV diastolic BP (DBP) Ͼ25 mm Hg (mercury sphygmomanometer). No patients received antihypertensive drugs or aspirin during pregnancy. None had any significant proteinuria (mean 24 h protein in the NPP group was 0.04 ± 0.02 g/24h) thereby excluding PPE. Blood samples were obtained under standardised conditions between 09.00 and 12.00 hours.
Measurement of NHE exchange
Under normal physiological conditions NHE is virtually quiescent. Activation was achieved by acid- with the protonated acid, which is lipid soluble and using the direct linear plot method. 24 Six points Statistical analysis were used to derive each individual Km and Vmax
Results are expressed as mean ± s.e.m. Differences ( Figure 2 illustrates the increase in sodium influx between groups were tested by one way analysis of with increase in external Na + concentrations). variance. Correlations were examined by analysis of Preliminary estimations of Km in platelets from single linear regression. Cholesterol data was log normotensive, non-pregnant control subjects were transformed because it was not normally distribcomparable to values obtained in previous investiuted; P values Ͻ0.05 were considered significant. gations. 25, 26 Intra-assay and day-to-day intra-subject variation for amiloride-sensitive sodium uptake were 6.5%
Results

and 9% respectively.
Clinical details for each of the groups studied are given in Table 1 . There were no significant differMeasurement of plasma cholesterol ences in maternal age between groups. Platelet number did not differ significantly between normal pregPlasma cholesterol concentration was measured by nant women and women with NPP. an enzymic method using a commercial kit
The kinetics of NHE in the normal groups and in (Boehringer Mannheim, Germany). The coefficient women whose pregnancies were complicated by of variation for day-to-day variability was 4% and NPP are shown in Figure 3 . Vmax increased signififor intra-assay variability was 0.5%.
cantly as pregnancy advanced returning to baseline values post-partum (ANOVA). No significant differences were present between the NPP group and the normal third trimester group for either Vmax or Km. Km values (mmol/l) were similar in all other groups (non-pregnant women 43.9 ± 4.6, first trimester 44.6 ± 4.1, second trimester 48.2 ± 3.2, third trimester 47.1 ± 4.1, NPP 46.8 ± 3.8 and post-partum 48.6 ± 7.9). Basal Na + uptake (amiloride insensitive Na + uptake), was not significantly different between groups. Plasma cholesterol concentration increased with gestational age (Figure 4 ). There was no significant difference in cholesterol concentration between the NPP group and gestational age matched controls. The relationship between NHE activity and plasma cholesterol concentration during normal pregnancy is shown in Figure 5 . Plasma cholesterol concentration correlated positively with Vmax of NHE exchange during normotensive pregnancy (regression coefficient = 0.493, P value Ͻ0.02). groups, Vmax and plasma cholesterol were most 
Discussion
NHE is the principal pH control pathway in cells and a major pathway for sodium entry; overactivity or unopposed action would cause both intracellular alkalinization and increased cell Na + . It has been proposed that alterations in the regulation of cytosolic Na + and H + concentrations contribute to increased vascular smooth muscle cell sensitivity and tone leading to hypertrophy of vascular tissue. 27 Raised NHE activity has previously been described in several cell types (eg, platelets, erythrocytes, leucocytes) from essential hypertensive patients and also cells (eg, erythrocytes, platelets, smoth muscle cells, lymphocytes) from animal models such as spontaneously hypertensive rats (SHR).
The present study demonstrates that the Vmax, but not Km, for amiloride sensitive sodium uptake activity was observed between NPP and gestational age-matched controls. Similarly, previous studies have failed to demonstrate a difference in red cell closely related during the first trimester (r = 0.73, P Ͻ 0.05), less so during the second trimester (r = 0.46, Na + /Li + counter transport between normal pregnancy and both mild and severe forms of pre-P = 0.3) and not at all during the final trimester (r = 0.12) or in the PIH group (r = −0.014).
eclampsia. [28] [29] [30] [31] This transport pathway is believed by some to reflect the activity of the NHE.
32
By chance the NPP group were sampled at a slightly earlier stage of pregnancy than the equivalRaised platelet NHE activity may reflect increased proximal tubule Na + reabsorption which is largely ent control group (37 ± 0.6 vs 39 ± 0.4 weeks). Four of the NPP group had samples taken earlier than 36 dependent on NHE exchange. It follows, therefore, that plasma volume expansion and raised exchangeweeks and when these subjects are excluded the mean sampling age for the NPP group becomes 38.1 able Na + of normal pregnancy could be attributed to altered renal exchanger activity. This possibility ± 0.5 weeks (not significantly different from the control group). Corresponding changes to plasma cholneeds further investigation. However, it has been demonstrated that the NHE localised on the plasma esterol (6.3 ± 0.3 to 6.6 ± 0.4 mmol/l), Km (46.8 ± 3.3 to 48.4 ± 3.7 mmol/l) and Vmax (712 ± 44 to 686 membrane of non-epithelial cells (eg, platelet plasma membrane) is a different isoform to that ± 57 pmol Na + /10 6 cells/min) were not significant and did not alter the comparisons with the control found in the apical membrane of renal, intestinal and gall bladder epithelia. 33 The isoforms are differpregnancy groups.
entiated not only by tissue specificity but also by uptake is raised during pregnancy, suggests that either the rate of exchange is enhanced or additional pharmacological and regulatory properties. It is not known whether factors which affect the activity of exchanger sites have been revealed or recruited to the plasma membrane, whereas the affinity of the one isoform will necessarily influence the other.
Increased NHE in platelets during normal pregexchanger for Na + is unchanged. The circulating cholesterol level may influence the number of active nancy would be expected to raise intracellular sodium content (but not necessarily intracellular exchanger sites by altering membrane fluidity. Recently a hypothesis, linking plasma lipids with Na + concentration since cell swelling occurs during exchanger activation as a result of uptake of altered cellular NHE has been proposed. 43 This involves the mevalonate pathway to cholesterol and osmotically obliged water). Previous studies, however, have demonstrated a fall in erythrocyte sodium isoprenoid synthesis which is regulated by plasma cholesterol levels. Dolichol, an isoprenoid product content during normal gestation, 34 and thus another factor must act to oppose the NHE induced and negative regulator of the mevalonate pathway, also controls enzyme glycosylation which is one of increased in cellular sodium content.
Under normal circumstances alterations in intrathe post-translational processes required for regulation of NHE. In platelets, it has been proposed that cellular sodium are compensated for by changes in Na + /K + ATPase pump activity. Net intracellular Na + in addition to its effect in the mevalonate pathway, exogenous cholesterol, induces initiator-promoter depends on the balance between Na + influx and Na Na + /K + ATPase pump numbers and activity 31, 35, 36 are increased during normal pregnancy. This increase In summary, NHE activity increases progressively with gestational age and gradually returns to normal in Na + pump number and activity may occur as an adaptive response to maintain normal intracellular postnatally. These changes may relate to total body sodium content or altered cell sodium homeostasis sodium in the face of increased NHE. On the other hand, raised NHE may occur in response to the and could reflect changes induced by plasma lipoproteins. Activation of NHE is important in increase in Na + /K + ATPase activity. During pre-eclampsia, cell sodium content has mediating the actions of vasoconstrictors like angiotensin II. 44 If pregnancy-induced changes of NHE been observed to be significantly elevated. 37 Raised circulating levels of digoxin-like immunoreactive activity occur in vascular smooth muscle cells, this might explain the alterations in vascular reactivity factor, (a Na + /K + ATPase pump inhibitor), have been found in both mild and severe pre-eclampsia [38] [39] [40] which occur during normal pregnancy. Neither the capacity nor the affinity for Na + was altered by and may be responsible for this increased cell sodium content. Our data show no significant differhypertension suggesting that NHE is not responsible for previously observed elevations in cell sodium ence in NHE activity between NPP and gestational age matched controls. The exchanger, therefore, content. appears not to play a primary role in the development of NPP. However, changes in the NHE activity Acknowledgement may be secondary to altered Na + /K + ATPase activity This work was supported by a British Heart Founand may not be apparent in vitro when plasma is dation Grant. absent.
In normal pregnancy, serum cholesterol increases References with gestational age. 41 Our data show that plasma cholesterol concentration and NHE activity are posi- 23 including NHE. 21, 22 of vascular responsiveness during human pregnancy.
Our data suggest that plasma cholesterol concen- reported. 28 Also, increased cholesterol content of fied. The fact that Vmax of amiloride-sensitive Na +
